SUMMARY Overnight tape recordings of breathing movements, airflow, and arterial oxygen saturation from six infants aged 3 weeks to 7 months, who had cyanotic episodes associated with pertussis, were compared with recordings from 12 age matched healthy controls. In all patients clinically apparent apnoeic episodes were associated with the rapid onset and progression of central cyanosis. When overnight recordings were compared, patients with pertussis had a greater frequency of apnoeic pauses (particularly those ,12-0 seconds duration) and a greater frequency of episodes of hypoxaemia (oxygen saturation -80% for O0 5 seconds) associated with apnoeic pauses. In addition to episodes of hypoxaemia associated with a prolonged absence of breathing movements, patients with pertussis had frequent dips in oxygen saturation in association with continued breathing movements with and without continued inspiratory airflow. These episodes of hypoxaemia during continued breathing movements were more common in patients with pertussis.
Apnoeic and cyanotic episodes often occur during pertussis particularly when it occurs in early infancy.' 2 The underlying mechanisms responsible for this dangerous complication are, however, unknown. In this paper we describe the results of an investigation by non-invasive techniques of infants with pertussis experiencing frequent and severe cyanotic episodes and compare these results with those from 12 healthy, age matched infants.
Patients and methods
Details of the six patients are given in the table. Pertussis was diagnosed by the presence of characteristic paroxysms of repetitive coughing that persisted for longer than one week and were associated with retching, vomiting, cyanosis, or convulsions in an infant who otherwise appeared to be in good health.3 Three patients had a history of recent exposure to pertussis. Nasopharyngeal swabs ('Transwab', Medical. Wire and Equipment Co) from all six patients were cultured on cephalexin supplemented charcoal agar and Bordetella pertussis was isolated from two patients. None of the patients had suffered episodes of cyanosis before the onset of the present illness.
All patients had a paroxysmal cough and a history of apnoea associated with the rapid onset of (Graseby Dynamics) . In order to verify the accuracy of the oxygen saturation measurements the oximeter was used in a beat to beat mode and every plethysmographic waveform representing the arteriolar pulsation used to derive oxygen saturation was recorded onto the tape recordings along with the oxygen saturation signal. Only oxygen saturation measurements accompanied by pulse waveforms of adequate quality were regarded as accurate.4 In three infants (patients 1, 3, 5) oesophageal pressure was monitored by either a balloon catheter (PK Morgan with Furness controls pressure transducer) or a continuously infused (3 ml/hour) nasooesophageal tube and pressure transducer (Gaeltec). In patient 1 an electroencephalogram was recorded from a centrotemporal configuration during cyanotic episodes. Tape recordings were printed onto an ink jet chart recorder (Siemens 34T) or an electrostatic chart recorder (Gould ES 1000).
Parents of patients and controls gave informed consent for the investigations.
Recordings were analysed by a technician who was unaware of the clinical details of each subject. Periods during which signals were uninterpretable owing to movement artefact were documented and excluded from analysis. Breathing patterns were classified as regular or non-regular breathing according to previously published criteria.5 Regular breathing was defined as episodes of : 1 minute where the breathing pattern was relatively regular in amplitude and rate, interrupted by sighs but without movement artefact. Non-regular breathing was all the remainder of the recording, and included intermittent brief periods of movement artefact. All apnoeic pauses (absent inspiratory efforts for -4-0 seconds) were counted and their durations measured and the frequency of these pauses was determined by dividing the total number of pauses by the total duration of interpretable recording. All episodes of hypoxaemia, defined for this study as a situation where oxygen saturation fell to -80% for ¢0*5 seconds were identified. This measurement was chosen after our experience of analysing similar recordings from large numbers of healthy infants wherein a cut off of 80% was helpful in defining normality. The observed cyanotic episodes the onset of cyanosis was rapid, usually occurring between four and eight seconds after the onset of the cough, crying, or apnoeic pause. Recovery from a cyanotic episode was frequently associated with a large inspiratory effort (a gasp).
All subjects had at least 4*9 hours of interpretable recordings (patients with pertussis 5-7-9 8 hours, normal subjects 4 9-12-5 hours.) Regular breathing and non-regular breathing alternated at intervals of about 20-100 minutes throughout the recordings. Both in the pertussis patients and in the normal subjects apnoeic pauses and episodes of hypoxaemia occurred almost exclusively during the periods of non-regular breathing.
Patients with pertussis had a greater mean frequency of apnoeic pauses than control subjects ( fig  1) . This difference was greatest for apnoeic pauses with a duration of 3'12-0 seconds (p<0005) . The longest apnoeic pauses for patients 1-6 were 15-0, 28-5, 115, 15-0, 53-8, and 17-0 seconds, respectively. The longest apnoeic pause in a control subject was 14-1 seconds. Thus five of the six patients had abnormally prolonged apnoeic pauses. The frequency of episodes of hypoxaemia related to the duration of associated apnoeic pauses for patients with pertussis and control subjects is shown in fig 2. Patients with pertussis had a greater frequency of episodes of hypoxaemia associated with apnoeic pauses with a duration of 40-7-9 seconds (p<0.005), 8-0-119 (p<0-05), and >12-0 seconds (p<0-05). The greatest difference between patients with pertussis and control subjects, however, was in the frequency of episodes of hypoxaemia during continued breathing movements (p<0-001).
An example of a hypoxaemic episode associated with a prolonged absence of breathing movements and airflow is shown in fig 3. These episodes usually began at end expiration and were associated with a raised oesophageal pressure. Prolonged apnoeic pauses often included a period of breathing movements without airflow before normal breathing was Severe hypoxaemia in pertussis 601 resumed ('mixed' apnoea) (fig 4) . Some hypoxaemic episodes terminated with a period of sharply positive oesophageal pressure excursions suggesting coughing (fig 4) . Patients with pertussis also had episodes of hypoxaemia associated with absent airflow despite continued breathing movements (fig 5) . Patient 2 had prolonged periods of hypoxaemia despite continued breathing movements and continued airflow (fig 6) and patients 3-5 had similar but briefer episodes. Electroencephalographic recordings during prolonged pauses in inspiratory efforts with hypoxaemia in patient 1 did not show a seizure preceding the apnoeic pauses.
Discussion
All six patients in this study presented under 6 months of age and had cyanotic episodes characterised by the extremely rapid onset and progression Although a proportion of the cyanotic events began during coughing, some followed crying, and others, especially during sleep, followed a pause in inspiratory efforts. In this last case the infant would characteristically stop breathing, become cyanosed, arouse, and then begin coughing.
Cyanotic convulsions have been reported to precede death in pertussis,"' and changes suggesting anoxia are a consistent finding in the histology of the brains of children dying of pertussis complicated by convulsions.' Our recordings suggest that the convulsions are secondary to severe cerebral hypoxaemia.
The patterns of breathing and hypoxaemia identified above have been described in apnoea of prematurity suggesting that the pathogenesis of these two conditions might be similar.'2 Moreover, similar cyanotic episodes, sometimes with evidence of prolonged pauses in inspiratory efforts, have been reported in other respiratory tract infections during infancy. In two retrospective studies respiratory syncytial virus infection was associated with prolonged apnoea or cyanotic episodes in 10%(/M and 20% of cases respectively. '-3 '4 In the prospective study of infection by respiratory syncytial virus reported by Anas et al, 25% 5 of infants showed prolonged apnoeic episodes. '5 These often began early in the disease before other symptoms of infection had developed and were more frequent in infants less than 3 months of age and in previously preterm infants especially those who had suffered from apnoea of prematurity. Yolken and Murphy described cyanotic episodes in five infants with rotavirus infection, three of whom were temporarily resuscitated but subsequently died. 6
Despite a distinctive clinical picture, doctors are often slow to diagnose pertussis, ' 7 and notifications greatly underestimate the true incidence of the disease.'8 Even when pertussis is diagnosed, however, clinical observation alone is likely to greatly underestimate the frequency and severity of hypoxaemia as shown by our overnight recordings.
Nicoll and Gardner'9 and Cherry21' have suggested, on the basis of epidemiologic studies, that pertussis may be responsible for some cases of sudden infant death. Williams and Jones have produced evidence that the convulsions and apnoea complicating pertussis may be accompanied by subsequent intellectual impairment.2' These data and our findings suggest that infants with a history of cough with apnoea or cyanosis, even if apparently well at initial examination, should be admitted to hospital for a period of meticulous observation. Our results also underline the need to prevent this serious and as yet untreatable infectious disease and clearly this can be best achieved by a more complete programme of immunisation.
In conclusion episodes of abnormal apnoea accompanied by evidence of a mismatch between ventilation and perfusion of the lungs may cause severe arterial hypoxaemia in infants with pertussis. This hypoxaemia may be life threatening, may result in seizures, and may be one cause of the brain damage reported in some infants with pertussis.
